NOV-29-2005 TUE 01:19 PM STREETS & STEELE 



FAX NO. 713 939 9508 



P. 



(12) INTERNATIONAL APPLICATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCTj 



{19) World Intellectual Property Organization 

international Bureau 

(43) International Publication Date 
20 June 2002 (20.06.2002) 




111 



PCT 



(10) International Publication Number 

WO 02/48431 A2 



<53) International Patent Classification 7 : C25B 15/00, 

9/ori, 1/13 

(21) International Application Numben PCT/US0 1/4S346 

(22) IntentatiOftai Filing Date: 

12 December 2001 (12.1X2001 > 



(25) Filing Language: 

(26) Publication Language: 
(30) Priority Data: 



English 
English 



60/254,820 12 December 2000 (12.12.2000) US 

60/261,101 10 January 2001 (10,01.2001) US 

60/26U34 12 January 2001 (12-01.2001) US 

60/3 17,5(52 5 September 2001 (05.09 .2001 ) US 



(71) Applicant (for all (te*i#nated States atnpt US): LYN- 
NTECfl INTERNATIONAL LTD. [US/US|; 7610 
Eastmarlt Drive, College Suiion, TX 77&45 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US oniy)\ ANDREWS, Craig, 
C. [US/US]; 1106 Walton, College Station, TX 77840 
(US). MURPHY, Oliver [IE/US]; 4213 Meadwobrook, 
Bryan, TX 77802 (US). BOYD, Brian [US/USJ; 4325 
Silvcrview Coon, Fori Collins, CO 80525 (US). 

(74) Agent: STREETS, Jeffrey, L*; Streets St Steele, ^Sirite 
355, 1383 1 Northwest Freeway. Houston, TX 77040 (US). 

(81) Designated State* (national)- AE, AL, AM, AT, AU, AZ, 
BA, BB.BG, BR. BY. CA, CH, CN, CR, CU. CZ, DE, DK, 
DM, EE, ES, PI, Gfe, GD, GE, GH, GM f HR, HU T £D. EL. 
IN, IS, JP. KE. KG, KP, KR. K2, LC, LK, LR, LS, LT, LU, 
LV, MA. MD, MG. MK MN, MW, MX, NO, NZ, PL, PT, 



[Continued on next page] 



== (54) Title: ELECTROCHEMICAL APPARATUS WITH RETRACTABLE ELECTRODE 




(57) Abstract: Eieconochemical apparatus and 
methods that support periodic, non-steady state, 
or discontinuous operation without suffering 
degradation of materials or loss of efficiency. The 
invention provides a means for positioning one or 
more electrodes into contact with electrolyte and 
means for retracting the one or mote electrodes 
out of contact with the electrolyte. The means 
for positioning and tutsans for retrarting may 
be the same device or different devices. The 
means for positioning and means for retracting 
may be designed to provide automatic, passive, 
or fail-safe retraction of the electrode upon a 
given standby condition, such as a voltage of less 
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an ozone concentration greater than a set point 
ozone concentration, contact pressure of less 
than S psrig, and combinations thereof. 



PAGE 8/71 * RCVD AT 1 1/29/2005 2:21 :43 PM [Eastern Standard Time] * SVR:USPT0-EFXRF-6/29 • DNIS:2738300 • CSID:713 939 9508 • DURATION (mm-ss):1 746 



NOV-29-2005 TUE 01:19 PM STREETS & STEELE 



FAX NO. 713 939 9508 



P. 



iniBiilWIl^lillllMIMMl 



RO. RU. SIX SB. SO, SI, SK. SL. TJ.TM, TR. TT.TZ. Ua. 
UO, US, UZ. VN, Ytl, ZA. zw, 

(84) Designate* Stat,* PJ^^aR" 
KB. US, WW. MZ. SD. SL. SZ. gj 1 

Eurasian patent <AM, AZ.BY. KG. KZ.MD. W U.1MJ. 
BMrtpaan patant (AT. BE, CH. CY, Dfc JDK BS R FR. 
OB, OR. B. IT, LU. MC NL. PT. SE m OAR pwani 
(BR BJ. CP. CG. CI, CM, OA. ON. GQ, GW. ML. MR. 
NE. SN. TD, TO), 



upon receipt oj thai report 
Fertwo-l*uer codes and otter abbreviations, refer to the "Guid- 
n « S of *ach regular issue of** PCT Oazeue. 



PAGE 9171 * RCVD AT 11/29/2005 2:21:43 PM [Eastern Standard Time] * SVR:USPTO€FXRF-6/29 » DNIS:2738300*CSID:713939 9508* DURATION ^m-s$):17^6 



NOV-29-2005 TUE 01:20 PM STREETS & STEELE FAX NO. 713 939 9508 P. 

WO 02/4H431 PCT/USM/48346 

ELECTROCHEMICAL APPARATUS 
WITH RETRACTABLE ELECTRODE 

BACKGROUND OF THE 1KVENTION 
5 Field of the Invention 

This invention relates to an electrochemical apparatus capable of periodic operation 
without suffering long-term loss of efficiency or degradation of materials, in particular 
electrocatalyst layers or coatings. 

Background of the Related Art 

1 0 Ozone is known to be a powerful oxidizing species. Numerous methods and apparatus ~ 

have been used to generate ozone and uae ozone. However, many potential applications for the . m 
use of ozone do not require, or cannot utilize, a continuous stream of ozone gas or ozonated 
water. Unfortunately, the generation and use of ozone in discontinuous, unsteady-state, or batch 
modes of operation can be problematic for a variety of reasons. First, the high reactivity and 

1 5 rapid decomposition of ozone necessitate that the ozone be generated just prior to utilization. 
This dictates that ozone-generating capacity must closely match the peak rate of consumption. 
Second, the need to generate highly concentrated ozone favors electrochemical processes, most 
preferably using a lead dioxide anodic electrocatalyst 

While lead dioxide (Pb0 2 ) is generally unstable in aqueous acid solutions, the potential- 

20 pH equilibrium diagram for lead-water at 2S°C in Figure 1 shows that maintaining a high positive 
electrode potential, with respect to the standard hydrogen electrode (SHE), on the positive P0O2 
electrode in an electrochemical apparatus can stabilize lead dioxide. Therefore, lead dioxide 
instability in acid solutions is easily avoided in continuous electrochemical processes since a 
relatively high electrical potential is continuously maintained across the positive and negative 

25 electrodes. Where the electrochemical process is needed only periodically, it is possible to 
reduce the rate of the electrochemical process while supplying a lower electrical potential across 
the positive and negative electrodes, which stabilizes the lead dioxide by maintaining a trickle of 
electrical current between the electrodes. Unfortunately, continuous electrochemical processes 
and continuous electrical potentials are not practical in numerous applications, such as residential 

30 or consumer products, since power outages and even drained backup batteries can be 
experienced. Yet another possible solution is to use platinnm metal as the anode electrocatalyst, 
bat the penalty for using platinum is a lower OJ&one yield and higher cost 

1 
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„ to operation of »y cell is fl» occurrence of oxidation and 

M ducta re^ons » produce or «— - — *■ * . 

co^ne* to eiectric circuit tou»o to ceU. • addition*! — t «. te — « 

d^tnundtobyionicconduction. Eloc ro i^n»».bopoor.l=«o n iccon4»=» J ™ K p rc vont 

jmraalahott-ciicnttingofflieeeU. 

,0 ™,dn^>t electric* ceU^^ 

doctors n.*^*^*^*-^-^"^! - 

16 ^ Bl£ * tt ^=dc.n £ in«Mch.^^ 

JLs*h M . brt* «. S"^™ of DC current, and -* - 

zinc/macgajiese dioxide, 

The electrolyte may be a liquid electrolyte (aqueous or organic solvent, with a delved 

20 8 alt, acid orb^orasoUdelectrolyte, such asapo^ 
^acauou^bangemem^^ 

exchange membrane. The membrane may also be a cerannc-based membrane, suchj* yma- 
stabilized zhconia which is an O" 2 ionic conductor. 

However, ozone (0 3 ) may be produced by an electrolytic process wherein an electric 
25 current (normally D.C) is impressed across electrodes immersed in an electrolyte. The 
electrolyte includes water that dissociate* into its 

sunable conditions, the oxygen is also evolved as the Oa species. The evolution of oxygen and 
ozone at the anode may be represented as: 



30 2H 2 0 => Oz + 4H* + *T 

3H 2 0 -> O3 + elT + 6V 



2 
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Utilization of high overpotentials, such as anode potentials greater than 1 .57 Volts, and 
certain electrocatalyst materials enhance ozone formation at the expense of oxygen evolution. 
The water oxidation reactions yield protons and electrons which are recombined at the cathode. 
Electrons are conducted to -the cathode via the external electronic circuit. The protons are carried 
5 through a solid electrolyte, such as a proton exchange membrane (PEM). 

The cathodic reactions may utilize hydrogen formation: 

2IT +2e* *> H 2 

or involve the reduction of oxygen as follows: 
Oz + 4Jt + 4e" => 2HiO 

10 

Ch + 2H 4 " + 2e" ~> H2O2 

Specialized gas diffusion electrodes are required for the oxygen reduction reaction to 
occur efficiently. The presence of oxygen at the cathode suppresses the hydrogen formation 
reaction. Furthermore, the oxygen reactions are mermodynamically favored over hydrogen 

1 5 formation, in this manner, the reduction of oxygen to either water or hydrogen peroxide reduces 
the overall cell voltage below mat required to evolve hydrogen. 

Therefore, there is a need tor an electrochemical cell and methods mat support periodic, 
non-steady state, or discontinuous operation without suffering degradation of materials, including 
electrocatalysts, or less of efficiency. It would be desirable if the apparatus and methods did not 

20 require operator attention to verify the status of the power supply. It would also be desirable if 
the apparatus and methods support large amounts of repetitive use at various operating and 
standby durations and frequencies. 

STJMMAKY OP THE INVENTION 

25 The present invention provides an electrochemical cell including or comprising a cathode 
electrode, an anode electrode, an acidic electrolyte, such as an ion exchange membrane, disposed 
between the anode electrode and the cathode electrode, and a power source for applying a voltage 
between the anode electrode and the cathode electrode, characterized in that the anode electrode 
has a layer of lead dioxide electrocatalyst, or other electrocatalyst that is unstable or deactivates 

30 in the presence of the electrolyte without applying a voltage, facing the acidic electrolyte, a 
retractor mechanism being provided which is responsive to one or more predetermined standby 
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conditions to retract the anode electrode from an initial position in which the lead dioxide 

elecuocatalystisin^ . 
electrocataryst is spaced from the electrolyte. Optionally, the retractor mechanism is a passive 
retraction mechanism, such as a spring, gravity, hydraulic accumulator, pneumatic accumulator 
5 or combinations thereof. Preferably, the lead dioxide electrocatalyst is /3-lead dioxide, dead 
dioxide, or a combination thereof. In one embodiment, ft. acidic electrolyte is a proton 
exchange membrane. In another embodiment, the acidic electrolyte is an aqueous solution of a 
dissolved inorganic acid, a dissolved organic acid, or a mixture thereof. 

The one or more standby conditions are selected from a voltage of less than one volt _ 
10 behagappliedbetweentbefn^and second dectmdes, the e^ 

of me cell, a. ozone ccmc^tion greater than a set point ozone coucanteationwhnin the cell, no , „ 
anodic oxygen/ozone evolution reactions occurring, and no current flowing through the cell. 
Furthermore, me one or more standby conditions may include a contact pressure ofless than 10 
psig of the anode electrode with the proton exchange membrane. The one or more production 
15 conditions are preferably selected from a voltage greater than one volt being applied betweenfhe 
fix* and second electrodes, the expiration of a time period from termination of operation of the 
cell, and an ozone concentration less than a set point ozone concentration within the cell. 

Optionally, the electrochemical cell may further comprising an actuator for movmg the 
anode electrode fromtbex^^ 
20 production conditions, such as a contact pressure of greater thana setpoirrt pressurebetween the 
anode electrode and me electrolyte. Preferably, the retractor mechanism and the actuator are 
constituted by a passive device biasing the anode electrode away from the electrolyte and an 
activemechanism that, in operation, overcomes me biasmg effect ofmepaasive device to move 
the anode electrode into contact with the electrolyte. It is also preferred mat me active 
25 mecbamsmmceivespowerfrom^^ 

apply avoltagebetweenthe anode *^mAtocM^d«^toV™™V«^ 
powerto the active mechanism. The invention is charactered in that the lead dioxide maintmns 
its aenviry during repetitive cycling of the power source. 

The electrochemical apparatus may further comprise a pump for delivering water to at 
30 least the anode electrode of the electrochemical cell, wherein the means for retracting is a 
hydraulic actuator that is also in fluid communicationwith the water. Preferably, the electrolyte, 
such as an ion exchange membrane, and one of me electrodes, most preferably the cathode, are 
stationary. Where a lead-dioxide elecuocatalyst is used, it may be desirable to include a lead 
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removal device in fluid communication with fee electrochemical cell, wherein the lead removal 
device contains a material known to bind or adsorb lead ions, particulates or colloidal species. 
Such lead removal material may be selected from a zeolite, alumina, silica, or mixtures thereof, 
and may be in powdered or granulated form, 
5 In a preferred embodiment, the one or more of the anode and cathode electrodes are 

retracted out of contact with the electrolyte when no voltage is being applied between the first 
and second electrodes. The means for retracting the one or more of the anode and cathode 
electrodes may also include a guide member to align the electrodes. 

The electrochemical apparatus preferably also has a means for positioning the first and 

1 0 second electrodes in contact with the electrolyte. Preferably, the electrolyte is an ion exchange 

membrane, the first electrode is coupled to the means for positioning, 3n *i the first electrode has • . - 
an electrocatalyst formed only on surfaces of the first electrode that are disposed to make contact 
with the ion exchange membrane. In one embodiment, one of the electrodes is stationary and the 
ion exchange membrane is secured onto the stationary electrode, 

1 5 Exemplary means for positioning are selected from a hydraulic actuator, a pneumatic 

actuator, manual mechanical means, piezo-electric means, electric motor means, or combinations 
thereof, and preferably provide a compressive force against the ion exchange membrane generally 
between 5 psig (34 kN/m^and 100 psig (689 kN/m 2 )» most preferably greaterthan I5psig(103 
kN/m 2 ), The apparatus may be designed so that the means for retracting overcomes the means 

20 for positioning when the power source is off, or so that the means for positioning overcomes the 
means for retracting when the power source is on. 

The present invention also provides a method of operating an electrochemical cell having 
a cathode electrode, an anode electrode, an acidic electrolyte disposed between the anode 
electrode and the cathode electrode, and a voltage source coupled between the anode electrode 

25 and the cathode electrode, lie method comprising the steps of applying a voltage between the 
anode electrode and the cathode electrode characterized in that the method further comprises the 
steps of initially moving the anode electrode from a retracted position in which it is spaced from 
the eiectrolyre to an operative position in which it is in contact with the electrolyte, and turning 
the voltage source on before or simultaneously with the engagement of the anode with the 

30 electrolyte, the method further comprising a step of retracting the anode electrode out of contact 
with the acidic electrolyte shortly before or simultaneously with turning off the voltage source. 
Optionally, the step of retracting the anode electrode out of contact with the acidic electrolyte is 
affected in response to sensing of one or more predetermined standby conditions. For example, 

5 
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the one or more standby conditions may be selected from a voltage of less than one volt bemg 
applied between the first and second electrodes, expiration of a time period of operation of the 
cell, an ozone concentration greater than a set point ozone concentration within the cell, no 
anodic oxygen/ozone evolution reactions occurring, and no current flowing through the cell. 
5 Alternative*, me one or more standby conditions include a contact pressor* of less thai, lOpsig 
of the anode electrode with the proton exchange membrane. 

fc another embodiment, the engagement of the anode electrode into contact with the 
electrolyte is effected in response to the sensing of one or more production conditions. The one 
or more production conditions are selected from a voltage greater than one volt being appbed 
1 o between the first and second electrodes, the expiration of a time period from termination of 
operation of the cell, and an ozone concentration less than a set point ozone concentration vvrtmn „ 
the cell* 

The one or more standby conditions may be selected from, but not limited to, a voltage of 
less one Volt being applied between the first and second electrodes, expiration of a time 
15 period, an ozone concentration greater than a set point ozone concentration, contact pressure of 
leSS than 10 psig (69 N/m>), ox combinations thereof. Furthermore, the method may -elude . 
automatica^positioninsme one or more ofme firstandseccmd electees mto contact wimme 
elecnolyte upon one ormorepro^ 

be selected from a voltage greater man one Volt being applied between the first and second 
20 electrodes, expiration of a time period, an ozone concentration less than a setpomt ozone 
concentration, contact pressure greater than 10 psig (69 H/m 1 ), or combinations thereof. 

Tb^preferxedelectrolvteisapolvmerelectrolvtexnembrai^ ar^tl* step of automatically 

positionmgpreferab*^^ 

against the polymer electrolyte membrane with a compressive force between 5 psig (34 kN/m ) 
25 and 100 psig (689 *N/m 3 ), most preferably between 25 psig (172 kN/m>) and 70 psig (483 
kN/m 2 ) While me method steps disclosed herein should generally not be limited to taking the 
stepsinairivenorto.ftism^ 

between the fust and second electrode, before positioning the one or mote of me first and second 
electrodes into contact with the electrolyte upon one or more production conditions. 
30 Electrochemical cells having the foregoing structure may be characterized in that the 

apparatus further comprises a mechanism to retract the anode electrode out of contact with the 
electrolyte in response to the absence of a current flowing through me electrochemical cell. 
Alternatively, electrochemical cells having the foregoing structure may be characterized in that 
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the apparatus further comprises a passive mechanism biasing the anode electrode away from the 
electrolyte and an active mechanism which, when operative, overcomes the biasing effect of the 
passive mechanism to bring the anode electrode into contact with the electrolyte, and optionally 
wherein the active mechanism is adapted to be actuated when the power source is connected to 
5 apply the voltage between the electrodes . In yet another alternative, electrochemical cells having 
the foregoing structure may be characterized in that the apparatus further comprises a mechanism 
to retract the anode electrode out of contact with the electrolyte to interrupt a circuit incorporating 
the cell, thereby placing the cell in a standby condition. 

10 BRIEFDESCRIPTIQN OF THE DRAWINGS 

So that the above recited features and advantages of the present invention can be - - 
understood in detail, a more particular description of the invention, briefly summarized above, 
may be had by reference to the embodiments thereof that are illustrated in the appended 
drawings. It is to be noted, however, that the appended drawings illustrate only typical 
1 5 embodiments of this invention and are therefore not to be considered limiting of its scope, for the 
hrventicm may admit to other equally effective embodiments. 

Figure 1 is a potential-pH equilibrium diagram for the system of lead-water at 25 °C. 
Figure 2 is a single electrochemical cell capable of positioning electrodes into compressed 
contact with an ion exchange membrane, 
20 Figure 3 is an alternative single electrochemical cell having a wave spring to retract an 

electrode away from the ion exchange membrane when there is no compression. 

Figure 4A is an electrochemical cell stack having a bipolar plate between two cells of 
Figure 3. 

Figure 4B is an electrochemical cell stack having two cells with a common cathode. 
25 Figure 5 A is a schematic side view of an electrochemical cell having an anode coupled to 

a push rod, wherein an electrical solenoid actuator with a return spring controls the positioning of 
the push rod. 

Figure 5B is a schematic side view of tile electrochemical cell of Figure 5 A having a 
separate deionized water reservoir. 
30 Figure 5C is a schematic side view of the electrochemical cell of Figure SB arranged to 

withdraw the electrode out of contact with, a liquid electrolyte. 

Figures 6A-F illustrate exemplary means capable of actuating or positioning an electrode 
to make contact with an electrolyte, the means including an electrical solenoid with spring 

7 
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retraction (6A), a cam with spring retraction (6B), ahydraulic or pneumatic actuator (6C), a lead 
screw (6D), rack and pimon (6E), and pfeao-electrie actuator (6F), respecPvely. 

FiguresVA-Bmuslrate exempt 
contact with the PEM during the application of electricity. 
5 HgureSisaschentancsi^^ 
a^ustableloadaudload^^ 

between tfce electrode and the PENL 

Figure9is a schematicsidevieWof^^^ 
and a diaphragm allowing sealed movement of the push rod. _ 
10 Figure lOAisascbematic side view ofandternativeelectrochen^alapparat^havmga 

hydrauHcally actuated anode. ~ " 

Figure 10B is a schematic side view of two electrochemical cells/apparatus accord** to 

Figure 10A, but having a common cathode therebetween. 

Figure 11 isaschematic side view of an alternative electro chemical apparatus havmg a 

15 prec^waterteaetvenranda 

as to an integral hydraulic actuator. 

Figure 12 is a schematic side view of me elecWtemical apparatus of Figure 1 1 havmg 
me carbon filter and deicmizauon bed relocated to the pump inlet. 

Figures 13A-C are schematic views of deionization beds arranged to display a color 
20 change that indicates the extent to which the beds are spent. 

Figure 14 is a schematic side view of an electrochemical apparatus having a separate 
deionized water reservoir in fluid communication with the anode. 

Figures 1 5 A-D are graphs of percent light absorption as a function of time in seconds for 
electrochemical cells built according to Figure 7 and operated over many repetitive cycles. 
25 FigiKeieisagmphofceHvoltageasa 

cell of Figure 8. , 

Figures 17A-B are graphs of ozone current efficient in percent as a ronton of tmaeof a 

period m which the ozone generator is cycled on and off. 

Figure ISA-Careperspective views of retractable electrodes coupled to a shaft, wherem 
the electrode has been modified to improve me current distrihution/collection acres, the face of 



30 

the electrode 



8 
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BfiT AXLED DESCRIPTION OF THE INVENTION 

The present invention provides electrochemical apparatus and methods that support 
periodic, non-steady state, or discontinuous operation without suffering degradation of materials, 
including electrocatalysts, or loss of efficiency. The apparatus and methods do not require 
5 operator attention to verify that an electrical potential across the positive and negative electrodes, 
otherwise referred to as a cell voltage, is continuously applied to die cell. The apparatus and 
methods support large amounts of repetitive "on"/"off * cycles at various operating and standby 
durations and frequencies. 

The basic structural unit of the electrochemical apparatus is an electrochemical cell. Thus, 

10 an electrochemical apparatus can consist of a single electrochemical cell or a plurality of 

electrochemical cells, either stacked in series in a bipolar filter press configuration or stacked in - 1 
series and electrically connected in a monopolar format The structural elements of an 
electrochemical cell consist of an anode, or positive electrode, separated from a cathode, or 
negative electrode, by an ionically conducting electrolyte. If the electrolyte is a liquid, a 

1 5 micro porous separator may also be placed between the anode and cathode. The positive and 
negative electrodes are held spaced apart from each other and contained, along with the 
electrolyte, in a container having walls which provide support and containment for the elements 
identified. The container also may have a plurality of input and output ports associated with the 
supply of reactants and withdrawal of products from both the anodic region of the container as 

20 well as the cathodic region of the container. 

The anodic and cathodic electrodes may consist of a substrate material on which is coated 
a suitable electrocatalyst layer. However, the electrode substrate material may also function as 
the electrocatalyst itself. For many electrochemical processes, it is most suitable that the 
electronically conducting anodic and cathodic electrode substrates should be porous to allow 

25 access of liquid or gaseous reactants to the electiocatalyst/electrolyte interface or withdrawal of 
liquid or gaseous products from the declrocatalyst/electrolyte interface. 

Suitable anodic electrode substrates that are capable of withstanding high positive 
electrode potentials, aggressive electrolytes (concentrated aqueous mineral acids and mineral 
bases), and highly oxidizing environments (ozone evolution) include porous titanium, porous 

30 titanium suboxides (such as that produced by Atraverda Limited under the trademark 
**EBONEX")> porous platinum, porous tungsten, porous tantalum, porous hafnium, porous 
niobium, porous zirconium* and combinations thereof. The porous anodic subatrates could be in 
the form of sintered powders or particles, compressed and sintered, or just compressed randomly 

9 
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orient fibers, woven or non-woven clott or mesh, screens, felt materials, highly petfood 
met al sheets, o, metal sheets with fetched holes. In the case of etectrochenncai ozone 
evolution, stable anodic electrocamlyst layers include a-iead dioxide, 0-lead dioxide boron, 
doped diamond, platinum-tungsten alloys or mixtures, glassy carbon, fruorinated gruphtte, and 

5 Suitable cathodic electrode subsnatss or suitable cathodic electrode backing nraterials 
include porous metals selected from stainless steels (in particular, 304 stainless steel and 316 
^ess steel), nickel, niokeUhronuum alloys, copper, ntanium, titanium suboxides, tsntalum 
hamium,mobiumand^comum.Ihesecamodicsubstr^ 

0 ofWdorgaseousxeact^ 

Uquid or gaseous products f«m the ^modic electxo^y^dectrolyte mterface. Suable porous^ _ 

cathodic substrates include sintered powders or particles, compressed and sintered or just 
comptessedrandom* oriented fibers, woven or non-woven doth or mesa, screens, felts mghly 
perforatedmetal sheets, or metnl sheets with nricroetched holes, urthecaseofeketrochenncal 
1S solution of ozone, a most sruteble camodic electrode substrate or dectrode backingmatenal can 
bederived from porous stainless steel materials. ^rWcamodio electrocatalystlayers mclude 
platinum, palladium, gold, iridium, nickel, pyrolyzed carbon-supported cobalt phthalocvarnne, 
graphite or carbon materials, ruthenium oxide, iridium oxide, ruihenium/iriditnn oxtde 
TOth ^um/MdnmVt^^ 

20 inktafes thereof. . 

Alternatively, the cathode may be a gas diffusion cathode, for example cornpnsing a 
polytetmfiuotoenrylene-lxntded, semi-hydtophobic catalyst layer supported on a Ity^ 
diffusionlayer. In one embodiment of the present invention, the catalyst layer is comprised of a 
proton exchange polymer, noly^^ 

25 platmtmr.pallamum,^ 

graphite or carbon materials, ruthenium oxide, iridium oxide, mthenium/ixidhun ox.de, 
xu^um/iridiumMtanium oxide, carbon-supported platinum, carbon^upportedpalladium, and 
mixtures thereof. The gas diffusion layer has a carbon clou, or carbon paper fiber onpregnated 
with a sintered mass derived from fine carbon powder and a polytetrafluoroethylene emulsror, 

30 This and other gas diffusion cathodes are suitable for air depolarization of the cathode, 
particularly in regard to open cathodes. 

Electrolytes that are particularly useful in electrochemical cells compnse aqueous 
solutions of mineral adds, aqueous solutions of bases, aqueous solutions of salt,, or aqueous 



10 



PAGE 19/71 » RCVD AT 11/29/2005 2:21:43 PM (Eastern Standard Time] ' SVR:USPTO-EFXRF-6/29 ' DNIS:2738300 ' CSID713 939 9508 * DURATION (mm-ss):1746 



NOV-29-2005 TUE 01:23 PM STREETS & STEELE FAX NO. 713 939 9508 P. 

WO 02/4*431 PCT/(JS0t/4«346 

solutions of salts combined with either acids or bases. For the electrochemical production of 
ozone in an electrolytic cell., it is particularly advantageous to use an electrolyte consisting of 
water and the acids or salts of fluoroanions dissolved therein. Hie fluoroanion electrolytes are 
capable of producing high yields of ozone, Fluoroanions and in particular the hexafluoro-arrions , 
5 are especially preferred 

A particular class of electrolytes suitable for use in accordance with this invention may be 
any number of ion exchange polymers including polymers with cation exchange groups that are 
preferably selected from the group consisting of sulfonate, carboxylate, phosphorate, imide, 
sulfcmimide, and sulfonamide groups. Various known cation exchange polymers can be used 
10 including polymers and co-polymers of trifluoroetfcylene, telrafluoroethylene, styrene- 
divinylbenzene, ct- s 0i- s 0 2 -trifluomstyrene f etc., in which cation exchange groups have been * - 
introduced. Polymeric electrolytes foruse in accordance with the present invention are preferably 
highly fluorinated ion-exchange polymers having sulfonate ion exchange groups. "Highly 
fluoroinated** means that at least 90% of the total number of univalent atoms in the polymer ate 
1 5 fluorine atoms. Most preferably, the polymer is perfboiinated sulfonic acid. Solid polymer 
electrolytes based on perfluorinated cation exchange polymers are most suitable for 
electrochemical ozone evolution. This is because only water, free of dissolved ionic species or 
suspended inorganic or organic materials, needs to be added to an electrochemical cell. This 
avoids the degradation of electrochemical cell components by aggressive electrolytes and the 
20 entrainment of liquid electrolytes in evolved gaseous ozone. 

It is particularly preferred to utilize an ion exchange polymer that is reinforced to improve 
the integrity and durability of the membrane. In particular, ultra-thin composite membranes 
below SO jim in thickness and comprising proton exchange polymers incorporated into an 
expanded porous polytetcafluoroethylene (PTFE) membrane are suitable for use as the polymer 
25 electrolyte in the present invention. Another suitable membrane includes a porous substrate of 
randomly orientated individual fibres and an ion-condiicting polymer embedded within the 
porous substrate. Other reinforced membranes that are currently available or that will be 
developed in the ftiture may also be suitable for use in accordance with the invention. 

The proton exchange membrane placed between the anode and cathode is made of a 
30 polymer material having sulfonate Junctional groups contained on a fluorinated carbon backbone. 
Two such materials include a 'WlFION'' PEM having an equivalent weight of 1 100 grams and a 
Dow experimental PEM (XUS- 13204.20) having an equivalent weight of 800 grams. While 
"NAFION" 105, 1 15 and 1 17 will each operate satisfactorily in the present invention, "NAFION" 

11 
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the anodes. When titanium, tungsten, niobium, hafiaium or tantalum axe utilized as substrate 
materials, they are first platinized to eliminate passivation problems sometimes encountered with 
the uncoated substrates. The platinizing process may include a predepasition chemical etch of 
the substrate material. 

5 Carbon in the form of graphite may be used as a substrate; however, lead dioxide 

adherence is a particular problem if the carbon has not been thoroughly degassed. The carbon is 
degassed by boiling in water for same time followed by vacuum drying over a period of days. 
When degassed, adherence is greatly improved with respect to thermal stress. Vitreous or glassy 
carbon does not appear to have the adherence problem. 
1 0 Platinum is the most convenient substrate material to work with, gives the most uniform 

deposits, and does not present any additional problems. Platinum is therefore typically the most - 
suitable substrate material for lead dioxide anodes. However, its high cost may make other 
previously mentioned substrate materials more practical for commercial use. 

In any event, lead dioxide is plated onto substrates in a well known plating bath 
1 5 comprising essentially lead nitrate, sodium pexchlorate, copper nitrate, and a small amount of 
sodium fluoride and water. The substrate material is set up as the anode in a plating bath with a 
pH maintained between 2 and 4. Current densities of between 10 and 400 milliamperes per 
square centimeter give bright, smooth and adherent lead dioxide deposits. Bath temperature is 
maintained at temperature in the range between 20 degrees C. and 70 degrees C. at all times 
20 during deposition. The deposition maybe carried out with vigorous stirring of the electrolyte and 
rapid mechanical vibration of the anode to give consistently fine granular deposits free from 
pinholes or nodules. A surface-active agent may be added to the plating solution to reduce the 
likelihood of gas bubbles sticking to the anode surface. 

A particularly suitable anodic electrode substrate and anodic electrocatalyst for the 
25 electrochemical evolution of ozone, using either aqueous electrolytes or solid polymer 
electrolytes based on cation exchange polymers, is porous titanium coated with a layer of p-lead 
dioxide. To enhance the adhesion of the p-iead dioxide layer on the porous titanium substrate it 
has been found that the porous titanium substrate should be suitably cleaned and chemically 
etched followed by the deposition of a thin layer, or a flash coating, of metallic platinum on the 
porous titanium substrate immediately prior to the electrodeposrtion of the (3-lead dioxide 
electrocatalyst layer. However, in experimental work carried out by the inventors, it was found 
that the nature of the porous titanium substrate has a remarkable effect on the electrochemical 
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value. Such gradual or incremental increases or decreases in power may be utilized each, time the 
cell is cycled "on' 1 and "off\ For instance, the current density through the cell may be stepped 
several times from 0.15 Amps per square centimeter to eventually arrive at a final current of 
3 Amps per square centimeter. Furthermore, a special ''initial startup" profile may be followed 
5 during the cell's first use in order to accommodate certain one-time changes in cell conditions 
from their shipment and storage condition to a fully operational condition, such as the wetting of 
the membrane that must occur during a first use. In a preferred embodiment, the power may be 
adjusted so that the cell voltage remains within a given range of voltages most preferably 
between 3 volts and 8 volts. 
1 0 While the means for positioning and the means for retracting maybe active, passive or a 

combination of active and passive, it is preferred that the means for retracting is passive and the- - 
means for positioning is active. The term "active" as used herein, means that a continuous 
application of an outside force (electrical, hydraulic, pneumatic, piezoelectric) is necessary to 
secure the condition or position of the device. For example, an electrical solenoid is an active 
1 5 device because a push rod connected to the solenoid is urged to a desired condition only while 
electrical power is maintained to the solenoid The term ^passive" as used herein, means mat the 
condition or position of me device will be maintained unless acted upon by an outside force. For 
example, a wave spring or coil spring is a passive device because a push rod connected to the 
spring is urged to a desired condition unless the spring is overcome by an opposite outside force. 
20 The term "fail-safe", as used herein, refers to the condition or position that a device takes upon a 
particular failure, such as a loss of electricity. 

In a preferred embodiment of the invention, the means for retracting is passive. Passive 
retraction is accomplished by providing a mechanical stored energy device that maintains a bias 
on the actuated electrode toward the retracted condition or position, so mat retraction occurs 
25 automatically upon releasing the actuation force. The mechanical stored energy device maybe a 
spring, a pressurized fluid container, weight, and ccmibinations thereof. In this maimer, failure or 
shutdown of the electrochemical apparatus causes retraction of the electrode. 

While positioning and retracting the one ormore electrodes are generally directly opposite 
movements controlled by a guide member, the one or more electrodes may follow any of a 
30 number of paths. While the preferred path is a linear path having a guide member that allows 
only translational movement of the one ormore electrodes, it also possible to use an arcuate path 
having a guide member that allows only hinged movement of the one or more electrodes. 
Regardless of the exact direction of the pfith or the type of guide member involved, it is important 

15 
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tot*, one or more electrodes beposnioned to maintain ae************™*** ' 
cell, namely maintain the electrode m full face contact with the PF-M and generally opposite to 
active area of any opposing electrodes. 

The guide member(s) may be provided in various forms, including those that guide to 
5 push tod and those tot guide to electrode itself. Furthermore, to guides may be disposed 
through or around to electrode or push rod, or consist only of a rigid connection with to 
positioning means. In addition to providing alignment of to electrodes and PEM, it is preferred 
tot to guide member limit rotational and lateral movement of to electrode relative to to face 
of to PEM. Rotational and lateral movement are undesirable not only because of potential 
physical damage to to PEM or elecuocatalyst, but also because consistent re-alignment of to - 
electrocatalyst and PEM from one operating cycle to the next allow any physical variation into _ 
electrocatalyst and PEM surfaces to conform to each otor as they do in a traditional cell where 
to electrocatalyst and PEM are in constant compression. Consistent re-alignment of to 
electrocatalyst coated substrate and PEM from one operating cycle to to next is preferred m 
15 accordance with the present invention. 

' The electrolyte used in to electrochemical apparatus of to present invention may be 
eftor * liquid electrolyte or a solid electrolyte (otherwise referred to as an ion exchange 
membrane), such as a PEM. Ion exchange membranes are preferred, because liquid electrolytes 
must bemammined separate tromtoprocess water. While an electrochemical cellwill function 
with the electrodes merely contacting to membrane, it is preferred to support to membrane on 
one of to electrodes. This support may include securing the membrane to be stationary with 
respect to one of to electrodes or directly bonding or casting to membrane onto one of to 
electrodes. An example of a suitable bonding procedure includes heating a perfluorinated 
sulfonic acid polymer membrane to about 16CTC under a pressure of up to 300 psi (2067 kN/m 2 ),, 
25 preferably for about 90 seconds. When using a lead dioxide anodic electrocsialyst, to ion 
exchange membrane is secured to to cathode. 

The cathode may be open to to air and have no direct supply of water. Such a cathode 
may be suitable for air depolarization as well as evaporative disposal of bom to electroosmotic 
water and any product water. However, since to membrane must be kept wet or moist in order 
to be ionically conducting, a source of water must be provided to the membrane. Optionally, 
.,ater may be provided from to anode side, either as Uquid water or water vapor. Further, water 
may be provided from to cathode side for back diffusion into to membrane, either as liquid 
water (no air depolarization) or water vapor. Even further, water may be provided to an edge or 
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other exposed area of the membrane so as to "wick" or absoib water into the membrane. 
Particularly in applications where water of sufficient quality is scarce, it is anticipated that the 
hydration state of the membrane may be controlled or limited to make more efficient use of water 
while accepting a reduction in the ionic conductivity of the membrane. Where the amount of 
5 water being supplied to the membrane is limited, electroosrnotic water and product water at the 
cathode will be absorbed (back diffused) into the membrane. 

While much of the description and drawings of the present invention refer to a single cell, 
the invention encompasses multiple cell arrangements, including both stacks of ceDs and side-by- 
side arrays of cells. It should be recognized that both stacks and side-by-side arrays can be 

1 0 electronically coupled in either a parallel or series circuit depending upon the arrangement of 

electronic conductors and insulators. However, the configuration of a plurality of cells in a side- ... - 
by-side array may include a plurality of cells in the same plane, a plurality of cells in two or more 
parallel planes, and a plurality of cells along a cmvflinear surface. 

The electrolytic cells may generate gas at any concentration, but the gas concentration 

1 5 preferably comprises between about 1% and about 1 8% by weight ozone in oxygen* A fully 
passive electrolytic cell for producing ozone is most preferred for small scale point-of-use 
applications such as point-of-use water treatment or built into equipment requiring ozone for 
sterilizing, disinfecting, decontaminating, washing, etc. The limited number of moving parts 
reduces the initial cost of the device and also reduces the potential for failure and maintenance 

20 requirements of the device. 

In the description of the Figures that follow, like numerals may be used to refer to like 
elements among the Figures. The use of like numerals for like elements means that the like 
elements have the same general name and function, but like elements may have more or fewer 
features in one Figure than the same element in another Figure. The use of tike numerals is 

25 intended to more clearly describe the common elements of the embodiments as they appear from 
Figure to Figure, and a particular use of like numerals should not be taken as limiting the scope 
of the invention to specific features unless the description expressly states such limitations. 

Figure 2 is an exploded view of a single electrochemical cell 10 capable of positioning 
two electrodes into compressed contact with an ion exchange membrane. Hie cell 1 0 comprises 

30 an electronically conducting anode substrate 1 2 having an anodic electrocatalyst 1 4 formed on the 
sutfece facing the PEM 16. However, the anode substrate may also function as both substrate and 
electrocatalyst. An electronically conducting cathode substrate 18 has a cathodic electrocatalyst 
20 formed on the surface facing the PEM 1 6. However, the cathode substrate may also function 

17 
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asbotbsubstrateaMelectrocatalyst The anode substrate 12, cathode substrate 18 and PEM 16 
a* sectn^togemer by anelectrical^ A power supply 26 has 

a positive temunal 28 and a negative tenninal 29 placed in electronic communication wtth the 
auodeaubstrateUandc^odesubs^^ ThBp0W 
5 supply applies the necessary electrical potential (Volts) to drive me electrochemical process. In 
oneembodunent of the invention, the celllOis submersed in water so mat water is provided to 
and elcctrolyzed at the anodic electrocatalyst to form a mixture of ozone/oxygen gas and water * 
provided directly or indirectly to the PEM to support proton conductivity. Hydrogen gas or other 
catbndic pioduct(s) is formed at the cathodic electrocatalyst. 
10 The anode and cathode substrates are electronically conducting metal or ceranucparPcles - 

or fibers that yield a porous substrate usually in the form of a disc, square or rectangle. ^ 
Exemplary substrates include, but are not limited to, woven felt, sintered metal, metal screens, 

metal meshes, fabrics and the like. 

Figure 3 ia an exploded view of an alternative single electrochemical ceU 30 having a 

15 separation spring 32, such aa a wave spring or wavy washer, to retract the anode 
snbstrate/electrocatalyst 12, 1 4 away from me ion exchange membrane 16 wheats compress 
is relaxed, such as when the nut 24 is threaded away from the head Of me bolt 22. The anode 
substrate 12 preferably has a recess 34 to receive me compressed wave spring during operation 
and to maintain alignment (centering) of the wave spring with the anode substrate 12 so that the 

20 substrate 12 will be pushed away from contact with the PEM 16. In applications where it * 
imp ortant to minimi the retraction distance, it is beneficial to retract the substrate 12 an equal 
distance at all points over the substrate surface, such as with a substantially translate 
movement, 

While the retraction or separation distance may be any distance atwhichme one or mote 
25 electrodes are moved out of contact with die PEM, a controlled translational retraction can allow 
very small retraction distances dependent upon the dimensional tolerances of the actuator and 
guide member, typically on the order of 1 -5 millimeters, but certainly retractions of more than 5 
milometers and less than 1 millimeter are possible. While the present invention does not reside 
in any particular separation distance, reference to a separation of "up te" a certein distance must 
30 avoid contact between me separated components, but may be as close as possible given 
dimensional tolerances of the relevant parts. 

The terra "retraction", as used herein, means movement that causes separation of 
components. The term "actuation", as use herein, means movement that causes contactbetween 

18 
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seoured to an electromagnet coil latch 84 coupled to a power source 26 through a switch 50. 
Upon releasing the electromagnetic latch 84, the spring 46 causes retraction of the push rod. 

In Figures 6A-F and 7A-B it should be appreciated that in order to accomplish movement 
of the push rod, the elements causing or preventing movement of the push should be secured to 
5 die housing or other stationary structure of the electrochemical apparatus. 

Figure 8 is a schematic side view of an experimental electrochemical cell setup 100 
having an adjustable load, such as a bolt 102 and spring 104, and a load cell 106 for measuring 
the load and displaying or recording the load with a meter 1 08, The ozone production efficiency 
can be monitored as a function of compression force between the electrode and the PEM. It is the 

1 0 compression force per unit area that is believed to be important to optimal cell performance. 

Figure 9 is a schematic side view of an electrochemical apparatus 110 having a water - - 
reservoir or housing 1 12 and a sealing member, such as diaphragm 1 14, allowing fluid-sealed 
movement of the push rod end 48a coupled to the positioning member 116 that is isolated from 
the water and the push rod end 48b coupled to the anode 12, Optionally, the sealing member may 

15 be piston rings, shaft seals and the like. 

As shown, the cathode 18 and PEM 16 are stationary secured at the top and bottom to 
floor 118 and interior wall 120 portions of the housing. 112. The anode 12 is maintained in 
alignment with the cathode/PEM by a guide member comprising the surfaces 122, 124, which are 
preferably circumferenlial about the anode 12. The apparatus 1 1 0 is also shown having an anode 

20 chamber 126 isolated from a cathode chamber 128. One benefit of the isolation is the separation 
of the anode gas(es) from the cathode gas(es). However, as a consequence of the isolation and 
the electroosmotic flow of water from the anode to the cathode, it is beneficial to have a conduit 
129 in the apparatus 1 10 to allow the return of water from the cathode chamber 128 to the a no de 
chamber 126 without mixing the gas(es). 

25 Optionally, the invention provides a unique gas destruct system that can destrucr waste 

hydrogen and/or ozone. The hydrogen is mixed with oxygen (or air) and passed over a hydrogen 
destruction catalyst producing heat The hot gases, including excess oxygen may then be 
combined with waste ozone and passed downstream over an ozone destruction catalyst. Since 
the ozone generator continuously produces hydrogen, the heat from the hydrogen destruction 

30 maintains the ozone catalyst at elevated temperatures to mate the catalyst more active and to 
continuously dry the ozone destruct. In this manner, the ozone destruct catalyst is maintained in a 
ready state for the destruction of ozone. Alternatively, the hydrogea destmct can provide high- 
grade heat that may be used in other, unrelated processes, such as domestic hot water heating. 

21 
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Figure 10A is a schematic side vie* of an alternative electrochemical cell or apparatus 
130 havbg ahydraulically ac*^^^ 

anotherfluid. The anode 12 is coupled to the push rod 48 that has a piston 132 on the opposmg 
«* The piston 132 is actuated by a fluid entering the piston headspace 134 to compress the 
5 return spring 136 and position the anode into compressed contact with the PEM 16. The 
apparatus has an optional diaphragm 1 3 8 attached around thepuahrod48tomamtamisolauonof 
me process water, which enters through the passage 140 and exits with gases produced through 

passage 142, from the motive fluid- 

The cathode 1 8 is stationary with the PEM 16 secured to the cathode. Notably, there is no 
10 cathode chamber or reservoir around me cathode, but rather the cathode is open to the air and - 
may be referred to as "dry" The open or exposed cathode may be suitable for air depolarization _ _ 
as well as evaporative disposal of both the electrooamotic water and any product water. 
Accordingly, there is no direct supply of water to the cathode. 

Figure 10B is a schematic side view of two electrochemical cells/apparatus according to 
15 Figure 10A,butbavi»g a common cathode therebetween. The common cathode 18 is coupled to 
a power source 26 as m Figure 4B . However, the apparatus of Figure 10B has two mobile anodes 
12 coupled to two means for positioning and retracting, which operate me saine as the mdividual 
means of Figure 10A, The two means may be actoatedby the same or different motive fluids and 
may be actuated and retracted at me same or different moments. It is anticipated mat the two 
20 mobile electrodes may vary from each other in any of a number of characteristics, for example 
catalyst loading, amount of active area, and types or concentrations of products produced. 
Optionally, the two electrodes may be operated independently to produce solutions mat are 
optimized for different uses, such as usmg one anode for producing an 1 8 weight percent ozone 
solution for sanitizing countertops and using another anode &r producing 2 weight percent ozone 

25 to cleanse skin bums. 

Figure 1 1 is a schematic side view of an alternative electrochemical apparatus 1 50 having 
a process water reservoir 152 and a pump 154 mat delivers process water 153 to the 
electrochemical cell (anode subsnate 12, PEM 16, cathode subsume 1 8) as well as xo an integral 
hydraulic actuator. The hydraulic actuator is similar to that of Figure 1 0, except that the piston 

30 132 is actuated with the process water 153. The apparatus is also provided with a filter 154, 
preferably a carbon filter, to remove, among other things, particulates, dissolved organic 
compounds and heavy metals (also acting as an ozone destxuet catalyst), a flow controller 156 
(such as a flow restricting orifice), a deionization resin bed 158 to remove dissolved ions from 

22 



PAGE 30/71 » RCVD AT 11129/2005 2:21:43 PM [Eastern Standard rime] • SVR:USPTO-EFXRF-6/29* DNIS:2738300 • CSID:713 939 9508 » DURATION (mm-ss):1746 



NOV-29-2005 TUE 01:27 PM STREETS & STEELE FAX NO. 713 939 9508 P. 

WO 02/48431 PCT/USO J/4834* 

the process water 153, a lead removing unit 160 (such as a column of zeolite, alumina, silica or 
other materials known to bind or adsorb lead ions and particulate or colloidal lead species), a 
venturi 162, and a backpressure control orifice 164. It should be recognized that the order of the 
filter 154, flow controller 156 and deionization resin bed 158 is not restricted. 
5 In operation, water 153 from the reservoir 152 is provided to the inlet of pump 154 

through a reservoir discharge conduit 165. The pump discharge conduit 166 provides high- 
pressure water for delivery to the piston motive fluid chamber 1 34 or through the venturi 1 62 and 
backpressure control orifice 164 back to the reservoir 152. The high pressure process water 
actuates the piston as in Figure 10, but then the process water passes through the carbon filter, 
1 0 flow controller and deionization resin bed on its way to the anode chamber* The deionized water 

supports electrolysis at the anode 12 as well as proton conductivity through the PEM 16 to the - 
cathode 1 8. The electroosmotic water passing to the cathode 1 8 may be recycled or discarded 
(i.e., dumped into a drain or allowed to evaporate). However, the water that is not used in the 
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15 gas stream through discharge conduit 167 and passes through the lead removal unit 160. 
Downstream of the lead removal unit 160 the ozonated water and the ozone/oxygen gas stream 
are drawn into the venturi and returned to the reservoir 152 where the concentration of o20ne is 
allowed to increase. 

The startup of an electrochemical apparatus, such as the apparatus 1 50 of Figure 11, may 
20 proceed in many ways, but it is preferred that the startup include: (1) introducing process water 
into the water reservoir, (2) applying a voltage between the first and second electrodes, (3) 
turning on the water pump, and (4) positioning the mobile electrode into contact with the 
electrolyte, most preferably in the order stated. 

Figure 12 is a schematic side view of the etectrocheimcal apparatus 150 of Figure 11 
25 having the carbon filter 1 54 and deionization bed 1 58 relocated to the reservoir discharge conduit 
165. Also, the flow control orifice 156 is left between the motive fluid chamber 134 and the 
anode chamber in order to maintain or enhance the pressure differential acting upon the piston 
132. It is also shown that the return spring 136 can be disposed in tension. 

Figures 1 3A-C are schematic views of deionization beds arranged to outwardly display a 
color change that indicates to individual users of the device the extent to which the beds are 
exhausted. Suitable deionization materials that change color upon exchanging ions include 
MBD-12 and MBD-30 Self Indicating Mixed Bed Resins (available from JUaintech, Inc. of 
Cherry Hill, New Jersey) and IONAC NM-65 Indicator Mixed Bed Resin (available from Sybron 
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Chemicals fee . of Birmingham, New Jersey) . Such color changes may he due to the presence of 
an indicator dye in, on or around the denization materials. While many arrangements of a 
denization adjacent a clear s^ ^ 

form an elongated column having a high aspect ratio (U.. a length uptimes me widm). Intms 
5 manner, the denization materials closest to the column inlet exchange ions first and the material 
downstream will not be significantly used until the material upstream of it is fully exchanged. 
Therefore, there is a fairly distinct region of the column mat is carrying out the denization at 
any one time and this regionpropagates along the length of the column as the material gets used. 
Since a deionization material with a color change indicator is used, mere is a color change that 
10 propagates along the column. By arranging the column in a manner where a plurality of serially ~ 
spaced apart segments of the column pass under a sight glass, a display can be provided that _ 
.allows aiapid indication of use. Preferably, the sight glass is matted with a "replace denizing 
bed" instruction adjacent one of me later column segments viewable through the sight glass. 
Wbnemeforegomg arrangement 
15 arrangement, color indicator and sight glass may be used to prepare a lead removal unit. 

In Figure 13A, a side view shows mat the deiomzation column 170 is arranged in an 
elongated . serpentine pattern having an inlet 172, an outlet 174, deionization material 176 
disposed there between, and a sight glass 178 adjacent one end of the serpentine. Figure 13B is 
an end view of the column 170 showing the display formedby me sight glasses. For example, an 
20 individual user would quickly notice that me present column was two-fifths spent and that the 
column should be replaced when the column becomes four-fifths spent in order to prevent 
breakthrough of ions that could men reach and damage the electrocatalysts or me PEM. While 
me display is shown as a segmented array of sight glasses it is equally suitable to have a 
continuous sight glass along me end. Figure 13C is a side view of analtemative column arranged 
25 in an spiraling pattern having an inlet 172, an outlet 174. deionization material 176, and a sight 
glass 178 extending over downstream segments of me column. While the segments here do not 
represent equal fractions of the column, the display is still effective to instruct the individual user 
when to change out the column with a new column- 
Figure 14 is a schematic side view of an electrochemical apparatus using deionized water 
30 from a reservoir 91 rather than using process water from reservoir 152. As with Figures 7B-C, 
the use of prepackaged deionized water 9 1 eliminates the threat of contaminating the anode and 
PEM such that filtration and deionization devices are notneeded within the apparatus. Here, the 
process water 153 is pressurized by pump 154 and delivered to the back of the piston 132 for 
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actuating the mobile electrode and through the venturi 162 to draw ozone gas into the process 
water. Preferably, the anode chamber is arranged with the water conduit 93 such thatthe level of 
deionized water remains below the ozone exit port 169. It is also preferred that the anode 
chamber have sufficient beadspace to allow for phase separation of the ozone/oxygen gas from 
5 the water, such that only the gas phase is drawn through port 169 to the venturi 162. A seal or 
diaphragm is provided around the push rod 48 to prevent passage ofthe pressurized process fluid 
acting upon the piston from getting into the anode chamber. As shown, the diaphragm 171 
defines the upper limit of the anode chamber. 

Figures 1 8A-C are perspective views of retractable electrodes coupled to a ^ wherein 
1 0 the electrode has been modified to improve the current distribution/collection across the face of 

the electrode. Figure 1 8A illustrates an electrode 200 having a set of electronically conducting - - 
ribs 206, preferably metal, that are formed into a radial pattern on me back surface of the anode 
substrate 204 in order to improve current distribution or collection from the electronically 
conducting shaft 202 across the face of the electrode substrate 204. This design improves current 
1 5 distribution without blocldng the surface area of the anode substrate or increasing the Thickness of 
the porous anode substrate. Figure 1SB illustrates an electrode 210 having a set of fully 
embedded electronically conducting members 208 disposed radially from the shaft 202. Inborn 
Figures 18A and 18B, the electronically conducting members 206, 208 are formed within the 
porous substrate 204. Preferably, the electronically conducting members are disposed within a 
20 metal powder and pressed together under substantial pressure to form a "green body." The green 
body is then transferred into a furnace for sintering the substrate 204. Figure 18C illustrates an 
electrode 220 having a less preferred conical substrate 224 coupled to the shaft 222, wherein the 
increased thickness of the substrate increases the current distribution or collection across the fece 
of the anode. Unfortunately, the increased thickness also increases the distance that anode 
25 reactants and products must diffuse. 

Example 1 

Porous titanium substrates, namelypieces of a woven titanium cloth (150 x 150 perinch, 
clean, 0.0027" wire diameter, twill weave, 35.4% open area; Unique Wire Weave, Hillside. NJ 
30 07205), were pretreated and subsequently electroplated with 0-lead dioxide. A number of these 
0-lead dioxide-coated titanium cloths were used in an electrochemical cell mcomoTatmg a 
coTumercially available proton exchange polymer membrane (sold under the trade name 
Nafion®, by EJ. ou Pont de Nemours and Company, Wilmington, DE 19898), which is a 

25 
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approve* lOOpsi. The temperature of the platens was then n»sed to Can* F _ 

1 0 of 2,500 psi was applied for 90 seconds. ^a—oated 

^ <W a* oso* co^ * *<> ev.lv* ozo»/ow» 

6 volts to a value of the order 01 1 x voira. m 47 , ^^-^ 
embedded into the ptoton exebimge polymer membrane ™»naL 
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from Astro Met, Inc., Cfocinnati, OH 45215 (100-80/120 and 100-45/60; 5.5" x 11" X 0.050" 
sheets) and Mott Corporation. Farmington, CT 06032 (Mott 40 micron and Mott 20 micron), 
respective*, were used. The sinteredporous uranium substrates were pretreated and subsequently 
electroplated with p-lead dioxide as described above for the ritanium cloth samples. Tnep-lead 
5 dioxide-coated sintered porous titanium substrates were mecl.arucally pressed against one side of 
samples of a proton exchange polymer membrane (Nafion®) on clamping me endplates of an 
electrochemical cell together. They were tested under identical conditions to those utfozed for 
the p-lead dioxide-coated titanium cloth anodic electrode substrates. The thickness of theporous 
titanium substrates was in the range 0.040^-0.075" and it was observed that these substrates had 
very flat parallel surfaces. 0-lead dioxide was deposited on only one surface of the sintered 
porous titanium substrates which formed a uniform coating covering the whole surface of each _ _ 
te. 

On testing Mead dioxide-coated sintered porous titanium substrates for dectroctemical 
ozone evolution, it was found that electrochemical cells containing these anodic 
15 substrates/electrocatalyst layers could produce ozone at high concentrations of the order of 12 to 
15 wt^forseonringlyh^teperio^ . 
under compression and an applied current density of 1.0-1.6 A cm" 2 was impressed on the 
electrodes from an external DC power source. Cell voltages of 3.5-5.5 V were observed on 
flowing orionized water between the electrochemical cell and a reservoir at a temperature of 
20 30±3°C. The unexpected result of the continuous production ofbigh weight percent ozone for an 
extendedperiodof time is attributed to the feet that the sintered porous titamum substrates have 
flat planar surfaces. Thus, the (Mead dioxide layer on such surfaces is also flat resulting in all of 
. the exposed surface area of foe P-lead dioxide layer being in contact with foe surface of foe 
proton exchange polymer membrane, and under electrochemical operating condinons, having a 
25 voltage greater than 3 .0 V applied across foe p-lead dioxide/proton exchangepolymer membrane 
interface. As indicated in Figure 1. under such circumstances, P -foad dioxide should be stable 
indefinitely- 



10 

substrate. 
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Example 3 

3-lead dioxide coated sintered porous titanium substrates were subjected to multiple 
applied current density "on'V'ofr events, leading to a gradual lowering of the ozone current 
efficiency. For coated substrates that were maintained continuously in compression with foe 
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proton exchange polymer membrane, both in the case when the applied current density was "on" 
and when the applied current density was "off," the effect of four applied current density 
< *OD ? V 4l ofr events on the ozone current efficiency for an electrochemical cell initiallyproducttig 
ozone at a current efficiency of 14.5 (corresponding to a concentration of 14.5 wt%) is presented 
5 in Figures 17A-B. It was further observed that the dramatic effect of applied current density 
u oo"/"ofT events on ozone current efficiency was more pronounced for electrodes having low 
electrocataryst loadings of p-lead dioxide. For instance, for P-lead dioxide loadings of 5-10 mg 
cm' , ) 2-3 applied current density "on'7"ofF events reduced the ozone production capability of the 
electrochemical cell from 10-12 wt% to less than 2 wt%. For an electrode with a p-lead dioxide 

1 0 loading of 80 mg cm"*, an ozone production capability of the order of 5 wt% was obtained after 9 
applied current density "on'VofT events. 

Degradation in ozone production performance as a result of time intervals while no 
current density is impressed upon the electrodes is suggested by the data presented in Figure 1 . 
This figure clearly shows that for the lead-water system at low electrode potentials, that is, when 

15 no anodic current is flowing through the electrode/electrolyte interface, Pb 24- ions are the most 
stable species in acidic environments. Maintaining a p-lead dioxide-coated sintered porous 
titanium substrate in contact with an acidic proton exchange polymer membrane when no current 
is flowing through an electrochemical cell will give rise to degradation of the p-lead dioxide 
electrocatalyst layer which subsequently hinders, or reduces, its ability to evolve ozone gas on 

20 reuxpressing a current between the p-lead dioxide-coated anode and a cathode. 

Under the conditions of no applied electric field, that is, when the current density 
impressed on the electrodes is turned "ofiV dissolution/precipitation processes involving 
Pb<tyPb 2+ are likely to take place at the p-lead dioxide/proton exchange polymer membrane 
interface, In the absence of an applied electric field during current "off* events, there is no 

25 driving force for the migration of Pb 2+ tons into the proton conducting polymer membrane 
towards the surface of tiie cathode unlike the situation described above for the P-lead dioxide- 
coated titanium cloth. 

Example 4 

30 An experimental setup was prepared including four electrochemical cells to test whether 

the removal of p-lead dioxide-coated porous anodic substrates from being in contact with proton 
conducting polymer membranes, during time intervals when no current is flowing between the 

29 
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(J . . tlv increase the lifetime of such electrochemical cells and 
anode and cathode, would significantly increase me ureum r . iTTmTess6 d on the 

«wwtj«n rates when an applied current density is reimpresseo 
inaintam high ozone producnon rates when an app ^ aTmUcable to porous anodic 

, «„«■• AVfmt However, this solution is only applicable to poiou* 

su b*r«os M havo only P««i<« of <he «M «• of . I*". « 

.„«rfbl.io»»Braiidon8b»elcoise6o»dottfi«. ArepnsonBm™o*amp 

20 nonwoven cloths, woven or nonwoven meshes, screens, perr 

^ 3 hee te with rnicroetched holes that ax. m contact with a proton 

' u ^ ^^ted poro*. anodic substrates and membrane specimens are under 
membrane when such plateo porous _„ ^. ^ - t> ._ ce 

memory >,_;^i ce ns. then the proposed solution is as effective for these 

concession m electrochemical cells, then the ^ ^^d in the second example 

substrates as it is for sinteredporous metal or ceramic substn** described to 



25 



30 



j . „ nolvmer membrane was prepared in accordance with Figure 7. In 
Z^p.o^^po^^^^o.eo^oo.ooUo^o 
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current "off" event. Similarly, the apparatus and method of the invention must be capable of 
placing all of the exposed surface area of the P-tead dioxide coating on a porous anodic substrate 
in contact with a proton exchange polymer membrane specimen in an electrochemical cell during 
a current "on" event. 

5 The cathode and PEM were stationary with only the porous titanium anode substrate and 

lead dioxide elecirocatalyst coupled to the end of an electrically operated solenoid actuator. The 
solenoid actuator pushed the anode subsnateyeleotrocatalyst into compressed contact with the 
PEM and a pair of springs raised the anode substrate/electrDcatalyst away from the PEM- A 
controller was used to control each of the four electrochernical cells at a given duration and . 

10 frequency of operation. Each of the cells was operated without switching off the power. 
However, the cells were turned "off* by retracting the anode out of contact with the 
FEM/cathode, since the non-ionically conducting deionized water effectively provided an open 
circuit Cell #1 was operated in a cycle of 1 .5 minutes "on" and 1.5 mrrurtes "off\ Cell #2 was 
operated in a cycle of 25 minutes "on" and 10 minutes "off*. Cell #3 was operated in a cycle of 

15 25 minutes "on" and 2 hours "off*. Cell #4 was operated in a cycle of 26 minutes "on" and 24 
hours "off". A control cell was operated in which the power was switched off during periods 
when the anode was retracted, but the results showed no significant difference in performance 
relative to cells having the power on continuously. 

The ozone gas concentration produced by each of the four electrochemical cells was 

20 measured using an Ocean Optics TJV absorption system and software to monitor the absorption of 
UV light by dissolved ozone in the deionized water surrounding the cell. Figures 15A-D show 
the light absorbance that was measured periodically after large numbers of operating cycles had 
been performed tor cells 1-4, respectively. The legend in each figure indicates the number of 
operating cycles at which the dissolved ozone concentration was tested For each test, the figures 

25 plot percentage light absorption as a function of time in seconds for a period of about 1500 
seconds. Each of the charts in Figures 15A-D show that very little decline in ozone production 
occurred despite 62,218; 63,468; 4,826 and 1,412 operating cycles in cells 1-4, respectively. 

Example § 

30 An electrochemical cell was prepared in accordance with Figure 8 and the cell voltage 

was measured as the compression between the electrodes was varied between about 10 psi and 
about 260 psi. Figure 16 is a graph of the resulting cell voltage as a function of pressure in psi 
for the electrochemical cell. The graph shows that cell voltage declines rapidly with increasing 
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* v. nt 50 «i AX pressures above 50 psi, additional pressure 
pressure up to a pressure of about 50 psi- At pr 

Whiie the foregone » dnected to the preferred ^ c 
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xp\,i>t is claimed is: 

, to ***** -a M • *«"* " "° ode eleCTOdt ' " "f 

to**** »»ode decode fan. a. P«*» » «*» 
olearooatolyrt is «P»«<i 6°m flie electrelyB- 

dioxide, or a combination thereof. 

4 . 1 wb^^^cd.^U,^^^^ 

. . ... ^i^-ivte is an aaueoos solution of a dissolved 

5. The cell of claim 1 wherein the acidic electrolyte is an aqueo 

inorganic acid, a dissolved organic acid, or a mitfure thereof. 

, . -^^^c* more standby conditions ate selected from: 
a. The call of claim 1 wherem the one or more swa^y 

no current flowing through the cell. 

L ***** — - *• — * tt - - ~ ^ 

conditions. 
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9. The cell of claim 8 wherein the one or more production conditions are selected from: 

a voltage greater than one volt being applied between the first and second electrodes, the 
expiration of a time period from termination of operation of the cell, and an ozone concentration 
less than a set point ozone concentration within the cell. 

10. The cell of claim 4 further comprising an actuator for moving the anode electrode from 
the retracted position back to the initial position in response to one or more production conditions 
including a contact pressure of greater than 10 psig of the anode electrode with the electrolyte.^ 

1 1 . The cell of claim 8 wherein the retractor mechanism and the actuator are constituted by a - 
passive device biasing the anode electrode away from the electrolyte and an active mechanism 
which, in operation, overcomes the biasing effect of the passive device to move the anode 
electrode into contact with the electrolyte. 

12. The cell of claim 1 1 wherein the active mechanism receives power from thepower source 
so that when the power source is connected to apply a voltage between the anode electrode and 
the cathode electrode the power source provides power to the active mechanism. 

13. The cell of claim 1 wherein the lead dioxide electrocatalyst retains its j3-lead dioxide 
crystalline form. 

14. The cell of claim 1 further comprising an actuator for moving the anode electrode from 
the retracted position back to the initial position in response to one or more production 
conditions, wherein the acidic electrolyte is aproton exchange membrane, and wherein the one or 
more production conditions includes a contact pressure of greater than 10 psig of the anode 
electrode with the proton exchange membrane. 



15. A method for generating ozone in an electrochemical cell having a cathode electrode, an 
anode electrode, an acidic electrolyte disposed between the anode electrode and the cathode 
electrode, and a voltage source coupled between the anode electrode and cathode electrode, the 
method comprising the steps of applying a voltage between the anode electrode and the cathode 
electrode characterized in that the method further comprises the steps of initially moving the 
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shortly before or simotamoasly witi tumta» oStto voltage source. 

wi * fc acidic elecBO*. U M in ~P~» » — ° f - « — ^ 
standby conditions. 

17 itemed of clcta 16 »hct^°«<»^ 
..^of.top.nodofop^o^^ 

no current flowing through the celL 

! 8 The method of claim 15 wherein the acidic electrolyte is a proton exchange membrane 

Ai^ a Eludes a contact pressure of less than 10 p»g 
and wherein the one or more standby conditions includes a contact pre 

of the anode electrode with the proton exchange membrane. 
19 T^fcodofanyoneof^ 

^ with *e electrolyte is effected „ response to the sens** of one or mo,e product** 



conditions. 
20 



Themethod of claim 19 whexeintheo^ormc^piod^^ 

avoltagegrea^thanonevotthemgappUed^rweenthe first and second electrodes, me 

e^nmonofadmeperiodW 

less than a set point ozone concentration within the cell. 

21 An electrochemical cell including a cathode electrode, an anode electrode, an acidic 
electrolyte <^l~*~+<^~*^* M * m ^~ 
J^pparutus former comprises amechanism to retract the anode eleCode out of contact 
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with the electrolyte in response to the absence of a current flowing mrough the electrochemical 
cell. 

22. An electrochemical cell including a cathode electrode, an anode electrode, and an acidic 
electrolyte disposed between me anode electrode and the cathode electrode, and a power source 
for applying a voltage between the anode electrode and the cathode electrode, characterized in 
that the apparatus further comprises a passive mechanism biasing the anode electrode away from 
the electrolyte and an active mechanism which, when operative, overcomes the biasing effect of 
the passive mechanism to bring the anode electrode into contact with the electrolyte. 

23. The electrochemical cell of claim 22 wherein the active mechanism is adapted to be . 
actuated when the power source is connected to apply the voltage between the electrodes. 

24. An electrochemical cell including a cathode electrode, an anode electrode, an acidic 
electrolyte disposed between the anode electrode and the cathode electrode, and a power source 
for applying a voltage between the anode electrode and the cathode electrode, characterized in 
that the apparatus further comprises a mechanism to retract the anode electrode out of contact 
with the electrolyte to interrupt a circuit incorporating the cell, thereby placing the cell in a 
standby condition. 
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FIG. 5 : A 
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